Abstract
Introduction
A fingerprint image ¤ essentially consists of a set of minutiae on the ¥ -¦ plane. Minutiae are the terminations and bifurcations of ridge lines in a fingerprint image. The ridge lines, appearing in the foreground of the gray-scale topography, are separated by valley lines appearing in the background. In a fingerprint image, there exists a striking duality in the sense that the valley lines also have minutiae (terminations and bifurcations) and flow patterns similar to the ridge lines [4, 5] . The ridge and valley characteristics, such as ridge and valley flow directions, inter-ridge and inter-valley distances, ridge and valley breaks, etc., are very useful properties that indicate the validity criteria of a minutia detected by any algorithm. These parameters have been used extensively in a number of earlier works. For enhancing a gray-level fingerprint image, orientation of ridges is used for designing a filter by O'Gorman and Nickerson § This work is funded by a grant from Intel Corp., USA (PO #CAC042717000)
Author for correspondence. [11] , and, for using directional images by Mehtre et al [10] .
In a work by Hung [5] , ridge enhancement is done based on ridge directions, and noise removal and pattern purification are performed with the help of both ridge and valley characteristics.
A gray-scale fingerprint image often undergoes binarization, followed by thinning, in the preprocessing stage, in order to extract the minutia points [2, 6] . During preprocessing, apart from spurs, bridges or loops, several spurious and misleading lines appear in the thinned image because of the noise present in the original gray-scale image. These lines are mere aberrations that often give rise to poor or notso-obvious minutiae, thereby delaying the process of minutiae matching, or reporting a poor fingerprint match. Spurs, bridges, and loops are easily detectable in a less noisy region. In a substantially large noisy part of an image, several criss-crosses may arise that are not always detectable as bridges or loops. There may also exist some minutiae in a noise-free region (apparently, by the naked eye) that are feebly recognizable in the gray-scale image because of erratic gray-value pattern in that locality. As a result, an ambiguity may arise regarding the inclusion or exclusion of a minutia depending on its visual clarity in the original gray-scale image.
In order to circumvent this uncertainty, we propose a methodology of assigning a score value to each minutia, after elimination of spurs, bridges, and loops. Each minutia is assigned a score in the scale [1, 100] depending on its topographical characteristics in the skeletonized ternary image (ridge, valley, and background), which in turn, are derived from its visual prominence in the original gray-scale image. 
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are the score components due to ridge flow, valley flow, and noise level respectively in the local neighborhood of . The components X a nd 4 '
denote measures of perfectness of ridge and valley flow respectively, that are evaluated based on some distances estimated in the local ridge and valley topography around the minutia . To take into account the noise of the region in and around , the component 0 w d
is estimated in a local window centered at . Noise imparts a negative effect on the score. In this scenario, we need to identify the ridge line that bifurcates at . In . However, this condition may fail if is a poor minutia candidate, viz., when the ridges incident at are of uneven nature, and it is difficult to ascertain the pre-bifurcated ridge among
Score of a bifurcation minutia
, we assign 0 to , and return.
Figure 3: Ridge and valley characteristics around a bifurcation minutia.
In order to compute the score f or a bifurcation minutia , we define the following distances, vide Fig. 3 . e . Thus, for a bifurcation minutia , the score w.r.t. the ridge characteristics can be chosen as:
where, V X i s the ridge score multiplier for bifurcation minutiae.
Similarly, the score 6 4 '
f or the bifurcation minutia is based on the following set of distances. 
And, that due to
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is the valley score multiplier for a bifurcation minutia.
Score of a termination minutia
Let be a termination minutia and f be the adjacent ridge pixel of , considering 8-neighborhood. Since is a termination minutia, there will be only one ridge line, say h , incident at [ Fig. 4 ]. We walk along 
D X
i s the ridge score multiplier for termination minutiae.
f or the termination minutia is based on the set 
and D 
'
is the valley score multiplier for a termination minutia.
Estimation of noise
Let be a bifurcation or termination minutia having a positive score after the evaluation of X a nd 4 '
. If does not have a positive score, we need not evaluate w d
, since w d
will contribute a negative score to ; finally we will consider only the set of minutiae with postive scores. Consider a circular window We used several fingerprint images from the NIST Special Database 14 [1] and NIST Special Database 4 [13] . In order to keep the minutiae scores of the order of 100 prior to normalization, the value of
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50
) has been chosen as 1.00.
For evaluating the score of a bifurcation minutia, we need to compute 6 distances in the set Fig. 7 , where the darker lines represent the ridges and the faint lines are valleys. The minutiae having positive scores are shown in Fig. 7 , with the darkness of a minutia being proportional to its score. Table 1 includes the scores (positive values only) of the bifurcation minutiae (BM), followed by those of the termination minutiae (TM), arranged in ascending orders. The bifurcation minutia at (297, 197) has the maximum score 100, which is well justified by its visual clarity in the image shown in Fig. 6 and the topographical orderliness in its neighborhood in Fig. 7 . On the other hand, the minutia at (441, 379) is located in a highly noiseaffected region. Scores of some minutiae are written beside the corresponding minutiae in Fig. 7 .
The proposed method is implemented in C on a Sun Ultra 5 10, Sparc, § C w CE % $ ' & , the OS being the SunOS Release 5.7 Generic. The total CPU time for the evaluation of scores of all minutiae in a ternary skeletonized fingerprint image was found to be around 0.03 to 0.07 sec. 
Conclusions and future works
A method of scaling to assess a minutia for fingerprint matching is reported in this paper. Development of a faster and realistic fingerprint matching technique based on the proposed method is currently in progress. Some of the empirical formulae mentioned in this paper may require further refinements for more accurate matching result. In reality, the score of a minutia in a query image may be drastically different from that of the database image. If the scores vary widely, then the confidence in matching may reduce significantly. These anomalies have to be resolved to ensure a matching result.
